Introduction
Glass [1] is quite a general phenomenon in nature and it has been observed in a wide range of complex systems. It can be generally defined as a frozen disordered state of matter, which can in principle persist down to 0K. The most well-known glass is the structural glass, or amorphous solid, where the frozen disorder is in the atomic arrangement. However, the frozen disorder is not necessary to be in the atomic arrangement; it can also be in other microscopic order parameters. For example, a frozen disorder in magnetic spin leads to a spin glass [2] [3] [4] , and a frozen disorder in electrical dipole leads to a ferroelectric relaxor [5] [6] ; both are glasses although having no frozen disorder in atomic arrangement. Therefore, glass is quite a general physical phenomenon for a wide range of frozen disordered systems, although the microscopic entity of the frozen disorder may vary from system to system. In condensed matter, the 2 nd law of thermodynamics stipulates two well-observed states at high and low temperature respectively: (i) a dynamically-disordered state at high temperature (like liquid, paramagnetic, paraelectric, paraelastic), and (ii) a long-range ordered state at low temperature (like crystal, ferromagnetic, ferroelectric, ferroelastic). As a consequence, upon lowering temperature a disorder-order phase transitions occurs from a dynamically-disordered state to an ordered state (like liquid-crystal, paramagnetic-ferromagnetic, paraelctric-ferroelectric, paraelastic -ferroelastic/ martensite). However, glass is a frozen disordered state that can in principle persist down to 0K, thus it belongs to none of the above two thermodynamic states. For this reason, glass can be regarded as a third state in condensed matter, and it cannot be understood in a conventional thermodynamics scheme. As glass represents a new state of condensed matter, there have been extensive studies over the past decades on the new physics involved and its technological applications.
In the present review, we introduce a newly discovered glass --the "strain-glass" [7] [8] [9] , which is a frozen disordered state of lattice strain (with strain being the order parameter). The strain glass was first reported in the famous martensitic system Ti 50-x Ni 50+x in its non-transforming composition regime x>x c (~1.3) [7] , as shown in Fig. 1 . For decades it has been known that the Ti 50-x Ni 50+x system undergoes a martensitic transition when the excess Ni content x is below a critical value x c , and this martensitic transition is the foundation of this most important shape memory alloy. It was also known that martensitic transition vanishes at x>x c (~1.3) and the B2 parent phase seems to persist to 0K. Recent work by Sarkar et al. reported an unexpected finding in this "non-transforming composition regime (x>x c )": there exists a hitherto unrecognized transition-strain glass transition. The strain glass is characterized by a random distribution of static local lattice strains or martensitic nano-domains (Fig.1) ; it is a frozen disordered state of strain configuration.
Strain glass is derived from a martensitic system by doping point defects beyond a critical content, just like the case of Ti 50-x Ni 50+x strain glass. Therefore, strain glass is closely related with the effect of point defects on a martensitic system. Over the past decades there have been quite a number of experimental and simulations studies on the effect of point defects or alloying elements on martensitic transition. Such studies provide a rich spectrum of facts and ideas that directly or indirectly link to the concept of strain glass. Before making a detailed introduction to strain glass and its properties, we shall briefly review these earlier studies in the following. system, where the "glassy martensite" phase is separated by a dashed line from the long-range B19' martensitic phase. Two TEM images, one with large domains of B19' phase (for specimen undergoing B2 B19' martensitic transition) and one with tiny nano-domains (for strain glass specimen), have been shown on a comparative ground. x c is the threshold concentration of excess Ni, above which the as-quenched Ti 50-x Ni 50+x transforms into the glassy phase.
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As mentioned above, strain glass was found in the "non-transforming" composition regime of a martensitic system, where the martensitic transition is completely suppressed by point defects.
Historically, the suppression of martensitic transition by point defects has been known for decades [10] [11] [12] [13] , though it was not realized the "non-transforming" composition actually undergoes a special transition. It has been well observed that a martensitic system shows a drastic drop in its transition temperature through doping point defects [10] , and the transition even disappears when the defect concentration is sufficiently high [11] [12] . Kakeshita et al. noticed that there exists an anomaly in electrical resisitivity in the "non-transforming" Ti-Ni alloys [11, 13] , but they ascribed it as a precursor effect or an incommensurate-phase [13] . On the other hand, over the past decades there have been extensive studies on the precursory tweed or nano-sized strain-domains prior to martensitic transition [14] [15] [16] [17] [18] . Murakami et al. showed the nano-domains in a Ti-Ni-Fe alloy is related to a transverse displacive wave [14] [15] , but the origin of the nano-domains or tweed is unclear. Theoretical models by Kartha et al. [19, 20] and by Semenovskaya and Khachaturyan [21] [22] [23] reached an important conclusion that the tweed is related to an interaction between the strain order parameter of the system and random defects (or chemical disorder). They even considered that the tweed is a kind of glass similar to a spin glass. However, despite these deep physical insights there is no experimental evidence supporting that the tweed is a kind of glass. This is because firstly the tweed eventually goes to martensite at a lower temperature, so it is not a frozen state as normally observed for a glass; secondly and most importantly the tweed does not show an observable signature of glass, like a frequency-dependent dip/peak in mechanical modulus/loss-tangent over the entire temperature regime it appears [24] . This is different from the "strain glass" that we are going to discuss in this review. It should be mentioned that some inorganic systems have been reported to show the freezing of elastic strain; thus they seem to satisfy the requirement of strain glass. However, the strain freezing in these systems is usually accompanied by a simultaneous freezing of other degree of freedom. So they are not "pure strain glasses". One example is the "orientational glass" [25] observed in certain mixed cyanides (e.g., KCN-KBr, etc.). Orientational glass exhibits a dip in elastic constant c 44 and a frequency-dependent peak in dielectric susceptibility [25] . It is considered to be a cooperative freezing of orientational elastic quadruples and electric dipoles of the ellipsoidal CN-molecular ions. Another example for a concomitant freezing of elastic strain and electrical dipole is the glass transition in the PLZT perovskite relaxor ferroelectrics [26] [27] , where the primary order parameter of polarization couples with a secondary order parameter of strain. In certain magnetic manganite, a simultaneous freezing of the combined charge/spin/strain degree of freedom [28] may also occur. All the above glasses seem to satisfy the necessary conditions for a strain glass, but the coupling of strain with other order parameters in these systems make it difficult to call them "strain" glass. By contrast, the strain glass reported recently in Ti-Ni system [7] [8] [9] is achieved by the freezing of local strains only, thus it is a "pure" strain glass. Strain glass is formed by doping sufficient concentration of point defects (excess solute atoms or alloying elements) into a normal martensitic alloy. The random point defects locally distort the crystal lattice and generate random local stresses in the system. These random local stresses dictate the local strain order (i.e., the nano-domain or tweed), thus prevent the formation of long-range strain ordering (i.e., macro-sized martensite). As a consequence, the spontaneous martensitic transition is suppressed. Instead, the system undergoes a freezing transition below its freezing temperature, during which dynamically disordered local strains (unfrozen strain glass) transform into frozen locally ordered strains (frozen strain glass) [7] [8] [9] . It should be stressed that although the strain glass is a kind of glass, it is not amorphous in structure, because the frozen disorder is in the lattice strain, not in the atomic configuration.
In the following, we will firstly show the essential features of a strain glass system, which are also the criteria for proving a strain glass. Then we will show that the strain glass is not only of fundamental interest but also exhibits unexpected shape memory effect and superelasticity. These new effects may lead to novel applications. Finally, we will discuss all the physical effects of strain glass by a phenomenological model.
Evidence for the existence of the strain glass
In the following, we will show the experimental evidences for the existence of strain glass in Ni-rich TiNi system from its unique features. Firstly, we will show that the strain glass undergoes a dynamical freezing transition [2] [3] , which is characterized by a frequency-dependent anomaly in dynamic property. Secondly, we will show that the strain glass transforms ultimately into a frozen state with broken ergodicity [29] [30] [31] [32] [33] [34] , which is characterized by a field-history dependence of its mechanical Fig. 2 : The frequency dispersion of the dynamic property of strain glass in comparison to that of a ferroelectric relaxor and cluster-spin glass, which demonstrates the dynamic freezing of these glasses. (a) The dynamic mechanical property of the freezing process of strain glass, which is characterized by an anomalous, frequency-dependent modulus dip and a corresponding internal friction peak. The inset shows schematically the microscopic picture of the strain freezing process. The dynamic mechanical modulus of strain glass as shown in (a) is very similar to (b) the dynamic dielectric permittivity of a ferroelectric relaxor (PLZT 12/65/35 [38] ) and (c) the dynamic magnetic susceptibility of a cluster-spin glass (La 0.7 Ca 0.3 Mn 0.8 Cd 0.2 O 3 [37] ).
Advances in Shape Memory Materials
property. Finally, we will demonstrate that the macroscopic symmetry or average structure of the strain glass does not change throughout the glass transition, which is the same as other glasses like structural glass, etc.. All theses unique features of strain glass satisfy the essential characteristics of a generic glass, which are consistent with a kinetic origin of glass [4, [35] [36] . Dynamic freezing of the strain glass. The dynamic freezing of a generic glass, including strain glass, can be proved by the measurement of the frequency dispersion of a relevant dynamical property in a temperature window spanning glass transition. For spin glass [2] [3] or cluster-spin glass [37] , such experiment is the measurement of the frequency-dependence of the ac magnetic susceptibility; for ferroelectric relaxor [38] or dipolar glass [5] , it is the frequency-dependence of the ac electrical permittivity measurement. The corresponding measurement for strain glass is the dynamical mechanical analysis, which measures the ac storage modulus (inverse quantity of elastic compliance) and the loss (internal friction) at different frequencies. Fig. 2(a) shows the dynamic mechanical properties of a strain glass Ti 48.5 Ni 51. 5 , which demonstrate that system undergoes a glass transition from dynamically disordered local strains (unfrozen strain glass) into frozen locally ordered strains (frozen strain glass)(inset of Fig. 2(a) ). As shown in Fig. 2(a) , the temperature dependence of the ac storage modulus for the strain glass Ti 48.5 Ni 51.5 shows a dip and the associated internal friction tanδ exhibits a peak at lower temperature. The existence of a dip in the ac storage modulus clearly suggests a phase transition occurs in this system. Moreover, the dip temperature T g for Ti 48.5 Ni 51.5 exhibits logarithmic frequency dispersion, i.e., the dip decreases in magnitude and shifts to higher temperature logarithmically with increasing frequency. This important feature is characteristic of a glass transition. The non-Arrhenius ω-dependence of T g (ω) for strain glass obeys the empirical Vogel-Fulcher relation [7] ω=ω 0 exp[-E a /k B (T g -T 0 )]. By fitting the frequency (ω) dependence of T g (ω) with the Vogel-Fulcher relation, the "ideal" freezing temperature T 0 (T g at 0Hz) for strain glass Ti 48.5 Ni 51.5 is obtained to be 160K. It is very interesting to note that very similar frequency dispersion for strain glass as shown Fig. 2 (a) has been observed previously for ferroelectric relaxor (PLZT 12/65/35) in its ac dielectric permittivity for [38] and for cluster-spin glass (La 0.7 Ca 0.3 Mn 0.8 Cd 0.2 O 3 ) in its ac magnetic susceptibility [37] , which are shown in the Fig. 2 (b) and Fig. 2 (c) respectively. This remarkable analogy among strain glass, relaxor ferroelectrics and cluster-spin glass demonstrates that dynamic freezing is a general phenomenon in ferroic systems. Fig. 3 : Procedure of the zero-field-cooling (ZFC)/field-cooling (FC) measurement for strain glass, which can reveal the non-ergodicity of a glass system. The strain glass sample was first cooled to a temperature (T Low ) well below the freezing temperature T g under zero stress (ZFC, process 1). Then an external tensile stress was applied and the sample was heated to a temperature (T high ) far above T g under this stress (field heating or FH, process 2). Thereafter, the sample was cooled to T Low again with the stress (FC, process 3) and then heated to T high again at the same stress (FH, process 4). The static strain curves that measured process 2 and process 4 are called ZFC curve and FC curve, respectively, and their deviation is a signature for non-ergodicity.
Broken ergodicity of the strain glass. When a glass system becomes frozen, the ergodicity of the system breaks, which means the system is trapped in certain microscopic state of its multi-valley free energy landscape and cannot transfer to other microscopic states within experimental time scale [2, 4] . In the following, we will show that the existence of a frozen state in the strain glass system by proving the breaking-down of ergodicity of strain glass. The broken ergodicity of glass can be proved experimentally by measuring its unique characteristics, that is, the frozen glass state depends on its temperature-field history. The experimental method for detecting the history dependent property of glass is the so-called zero-field-cooling (ZFC)/field-cooling (FC) measurement [30] , which was first established to prove the broken ergodicity of spin glass. Following the established ZFC/FC measurement of spin glass, similar experimental process was performed to prove the broken ergodicity of strain glass (the field herein is the tensile stress).
Fig . 3 shows the ZFC/FC measurement of the static strain for the Ti 48.5 Ni 51.5 strain glass. The sample was firstly cooled to well below T g under zero stress (ZFC, process 1). Then it was loaded (stress=40MPa) and heated to far above T g under this stress (field heating or FH, process 2). Thereafter, the sample was cooled with the stress (FC, process 3) and then heated again at the same stress (FH, process 4). The static strain curves for process 2 and process 4 are called ZFC curve and FC curve, respectively, and a deviation between the two curves is a signature for the "history-dependence", or non-ergodicity, of a strain glass system. Fig. 4 (a) shows the ZFC/FC curves of Ti 48.5 Ni 51.5 strain glass. The ZFC curve for Ti 48.5 Ni 51. 5 shows a peak at 168K upon heating. By contrast, the FC curve decreases monotonically upon heating. The ZFC and FC curves of strain glass coincide at temperatures far above the peak temperature of ZFC curve; however, they begin to deviate around the peak temperature and the deviation becomes significantly larger well below the peak temperature. The large deviation between ZFC and FC curves [29] ). The inset depicts the unfrozen strain state above T g whereas the two panels on the left exhibit two different frozen strain states below T g .
below the peak temperature demonstrates that the strain state of our sample is history-dependent below this temperature. This is a direct evidence for the broken ergodicity in a frozen strain glass state. The peak temperature of ZFC curve corresponds to the freezing temperature T g for the strain glass. More interestingly, the ZFC/FC curves of the strain glass depicted in Fig. 4 Fig.4 (b) and Fig.4 (c) , respectively. As shown in Fig. 4 , the ZFC peaks are quite broad and the FC curves deviate from the ZFC ones from above T g in the three glass systems, which demonstrates the broken ergodicity also very general for the glasses in ferroic system. The properties of dynamic freezing and broken ergodicity as shown in Fig. 2 and Fig. 4 demonstrate that there exists striking similarity among ferroelastic/martensitic glass (strain glass), ferroelectric glass (relaxor ferroelectrics) and ferromagnetic glass (cluster-spin glass). This can be understood within the framework of a more general ferroic glass, which appears to be governed by a common feature of frozen short-range order, although the physical nature of the order (viz., strain, dipole, and magnetic moment) and the microscopic origin of these glasses are quite different. The broken ergodicity of strain glass, i.e., the deviation of the ZFC and FC curves of static strain, can be understood by the slowing-down of strain kinetics in strain glass. When the strain glass is cooled down with different histories (ZFC or FC), different configurations of the local orientational variants of strain are frozen. In the ZFC process (process 1 in Fig. 3 ), local-variants are frozen in random orientations at the temperature below T g , which results in an averaged zero strain. However, in the FC process (process 3 in Fig. 3 ), the local-variants tend to align along the direction of DC stress and thus are frozen in a more orderly fashion below T g , so a non-zero average strain will result. In the FH process (process 2 in Fig. 3 ) after the ZFC process, the disordered configuration of local-variants frozen in ZFC is essentially unchanged when the specimen was loaded at a temperature well below T g , because it takes a very long time (much longer than the experimental time) to relax to a more ordered Fig. 5 : The evolution of the average structure during the strain glass transition. The temperature dependence of resistivity of strain glass Ti 48.5 Ni 51.5 alloy, which shows no signature of long range strain ordered transition. The XRD pattern detected in the temperature range from 108K to 363K demonstrates that the strain glass Ti 48.5 Ni 51.5 alloy keeps a "B2" structure and does not undergo a martensitic transformation.
configuration. Thus the static strain at the lowest temperature (143K) of ZFC curve is much smaller than that of FC curve. With increasing temperature, the difference between ZFC and FC becomes smaller because the relaxation time for traversing from a disordered local-variant configuration to a more ordered one becomes shorter. At a temperature far above T g , the relaxation time becomes sufficiently short and the strain glass is in its ergodic state, which is independent of system history, so ZFC curve and FC curve of the strain glass essentially overlap. Structural feature of a strain glass. Strain glass shows no martensitic transition and no change in average structure during strain glass transition, which is quite different from a symmetry breaking transition. In the following, we present the combined measurement of electrical resistivity, x-ray diffraction(XRD) and transmission electron microscopy to demonstrate the unique structural evolution of strain glass.
As depicted in Fig. 5 , the electrical resistivity of Ti 48.5 Ni 51.5 strain glass alloy shows a negative temperature dependence of over wide temperature range, which is similar to the characteristic of a normal R phase transformation (martensitic); but no trace of long-range R phase transformation was found in this temperature range. The structure of strain glass alloy Ti 48.5 Ni 51.5 was also investigated over a wide temperature range from 373K to 108K by x-ray diffraction. As shown in the inset Fig. 5 , Ti 48.5 Ni 51.5 strain glass keeps a B2 structure of parent phase and shows no macroscopic symmetry change over the entire temperature range. The above observation is in agreement with previous study [11] . , which is almost invisible at room temperature, become sharper and of higher intensity with lowering temperature. However, it fail to reach commensurate 1/3 value (which is characteristic of a long-range ordered R phase) well below its freezing temperature. The corresponding HREM dark-field images (b), obtained by using the reflections marked by green circle in (a), reveal random distribution of tiny nano-domains of R-like phase in B2-like matrix. The nano-domains grow to some extent in size but are finally frozen in that configuration.
To microscopically characterize the structural feature of this new transition, in-situ high-resolution transmission electron microscopy (HREM) observations in the temperature range from 298 K to 95 K were performed on a Ti 48 Ni 52 strain glass specimen [7] . For Ti 48 Ni 52 strain glass, the diffraction pattern at 298 K ( Fig. 6(a) ) shows some additional, very faint, diffuse superlattice reflections, which appears at incommensurate positions near (0 1/3 1/3) B2 (usually called 1/3 spots) along with the B2 parent reflections. With the temperature lowering, the 1/3-like diffuse spots became sharper and shift towards commensurate 1/3 position (Fig. 6(a) ). However, they never reach exact commensurate 1/3 value even at a temperature(93K) well below T g . Because the superlattice spots at exact 1/3 commensurate position indicate the formation of long-range strain-ordered R-phase [24] , the fact that the superlattice spots are "frozen" in the incommensurate 1/3 position demonstrates microscopically that there is no formation of R-martensite and no change in average crystal symmetry. The corresponding temperature-dependence of the high-resolution dark-field images (Fig 6(b) ) reveal many uncorrelated, tiny nano-domains of size 1-5 nm, which are distributed randomly in the B2-like matrix at room temperature. The nano-domains grow in size (up to 20-25 nm) with decreasing temperature but become frozen in these configurations below T g and do not grow any further, thereby preventing the formation of a co-operative martensitic phase with long-range strain order. The local structure of Ni-rich Ti-Ni strain glass is unclear so far. We notice that the diffraction pattern and dark-field image for the Ti 48 Ni 52 strain glass is very similar to that of a normal R-phase; thus it is likely that the local structure of the strain glass has a R-like structure. Nevertheless, it was suggested that the precursory nano-domains of a similar alloy (TiNiFe 2 ) are due to a ‹011›‹011›-type transverse atomic displacement wave, but they do not have the same structure as the R-phase [14] [15] . Therefore, it remains an open question as to the exact local structure of the strain glass.
Shape memory effect and superelasticity of strain glass
The new finding of strain glass also brings novel properties. It is well known that the shape memory effect and superelasticity in metallic system originates from martensitic transition. Therefore, it is hard to imagine an alloy without showing martensitic transition can exhibit these two remarkable properties. However, here we show that the "non-martensitic" strain glass alloy does exhibit an unexpected shape memory effect and superelasticity. The shape memory and superelasticity in non-martensitic, strain glass Ti 48.5 Ni 51.5 is shown in Fig. 7 . Fig. 7(a) shows the deformation behavior of this alloy below T 0 (at 138K) and above T 0 (at 173K, 188K and 263K). When deformed at 138K (<T 0 ), the sample showed a large plastic deformation. Interestingly, this permanent deformation gradually disappeared (marked by the dashed line) on heating to above T 0 , i.e., the sample memorizes its original shape. This is a shape memory effect. Fig.  7 (b) shows a visual evidence for the shape memory effect of a Ti 48.5 Ni 51.5 strain glass wire. The plastically-deformed straight specimen at 138K recovered its original straight shape upon heating to 173K(>T 0 ). When deformed at a temperature above T 0 , the strain glass alloy showed an "superelastic" behavior, contrasting the plastic deformation behavior below T 0 , unexpected for a "non-martensitic" alloy. As shown in Fig. 7(a) , at 173K(>T 0 ), the sample demonstrated a large recoverable strain; this is a superelasticity of strain glass. At higher temperature of 188K, the sample showed similar superelastic behavior with a higher critical stress. At 263K (>>T 0 ), the applied stress is not sufficient enough to induce a superelastic behavior; so the sample exhibited only a linear elastic deformation behavior. It should be noted that careful measurements show that the low temperature limit of the Fig. 8 In-situ x-ray diffraction evidence for a structure change during (a) a shape memory process (tensile loading at 138K(<T 0 ) and followed by heating to 195K(>T 0 )), and (b) a superelasticity process (tensile loading at 173K(>T 0 ) and followed by unloading) for a strain glass.
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superelastic behavior is not exactly at T 0 , but at a temperature slightly below T 0 . Fig. 7 (c) provides a visual evidence for the superelasticity of the strain glass Ti 48.5 Ni 51. 5 . At 173K, a straight specimen was first severely bent but it recovered its original straight shape immediately upon unloading. To understand the microscopic mechanism underlying these effects in strain glass, we performed an in-situ XRD experiment to monitor the possible structure change during the shape memory and superelasticity processes, respectively. Fig. 8(a) shows the structure change of a strain glass alloy Ti 48.5 Ni 51.5 during a "shape memory process". When the specimen was cooled to 138K(<T 0 ) under zero stress, diffraction pattern ( Fig. 8(a) ) showed "pseudo-B2" structure. As the stress increased to about 200MPa (the "plateau stress" in the stress-strain curve for 138K in Fig. 7(a) ), the intensity of the B2 peak decreased and some new peaks appeared, which were fully indexed as a commonly observed B19' martensite in Ti-Ni alloys [39] . When the stress reaches 280MPa (the maximum stress point for the 138K curve in Fig.7(a) ), the B2 peak disappeared and the intensity of B19' peaks reached a maximum. Moreover, the B19' peaks remained essentially unchanged when the stress was back to zero, which suggests the B19' martensitic state is stable even after unloading. When the sample was heated to 195K (>T 0 ), B19' peaks disappeared and "B2" pattern reappeared; this corresponds to the shape recovery/memory of the sample during heating up to above T 0 . Therefore, the in-situ XRD experiment demonstrates that the plastic deformation of the strain glass corresponds to a stress-induced transition from "pseudo-B2" strain glass to B19' martensite, and the heating-induced shape recovery/memory stems from a transformation from a stress-induced B19' martensite into an unfrozen strain glass (at T>T 0 ). Clearly this microscopic process is fundamentally different from that of a martensitic Ti-Ni alloy, in which the plastic deformation is due to a twinning process (martensite variant switching) of martensite and the shape recovery is due to a reverse martensitic transition. Fig. 8(b) shows the structure change of the strain glass Ti 48.5 Ni 51.5 during a "superelastic process". At 173K (>T 0 ), the sample showed a "cubic B2" diffraction pattern, as expected for a strain glass. When applied with a stress of 250MPa, many B19' martensite peaks appeared and the B2 peak was weakened. This indicates that the martensite was induced from the "pseudo-B2" unfrozen strain glass, which corresponds to the stress plateau for the 173K curve in Fig. 7(a) . When the stress reached 280MPa, the B2 reflection vanished, indicating the unfrozen strain glass transformed completely into B19' martensite. Upon unloading the B19' martensite reflections gradually disappeared and B2 reflection reappeared, suggesting that the stress-induced martensite transformed back to the "pseudo-B2" unfrozen glassy state. Therefore, the superelasticity of strain glass above T 0 is attributed to a stress-induced reversible transformation from unfrozen strain glass state to B19' martensite. It should be noted that the superelasticity of a strain glass has a significant difference from that of a martensitic alloy. For a martensitic alloy, the existence of superelasticity or stress-induced transformation is determined a prior by the existence of a spontaneous, temperature-induced martensitic transition from a thermodynamic viewpoint. However, for strain glass there exists no spontaneous martensitic transition, yet martensite can by induced by stress. This is quite unusual. As shown in the above, the shape memory effect and superelasticity of strain glass is due to a stress-induced transformation from strain glass to long-range strain ordered martensite. Interestingly, physically parallel phenomenon has been found in ferroelectric relaxor [40, 41] , in which long-range electrical dipolar order can also be induced from a glassy relaxor state by applying an external DC electrical field. Combining these parallel facts, it appears that field-induced transition from glass to long-range-ordered state is also a quite general phenomenon in ferroic glass.
Discussion
As shown above, the strain glass is proved by demonstrating its dynamic freezing of local strains and non-ergodicity in the frozen strain glass state. The strain glass is also found to exhibit unexpected shape memory effect and superelasticity, which originates from a stress-induced strain-glass to martensite transition (stress-induced STG-M transition). The in-situ XRD observation shows an important fact: Compared with the strain glass state, the corresponding stress-induced martensite is meta-stable above T 0 but stable well below T 0 . Therefore, the strain glass system actually transforms into a meta-stable frozen strain glass state. This can be only understood by that the strain glass is a kinetics-governed freezing transition and it fails to reach the stable martensitic state due to kinetic limitation.
In the following, we propose a phenomenological free energy landscape for strain glass, which can provide a comprehensive explanation for all the important physical effects of a strain glass, including the broken ergodicity, the origin of the strain glass transition and the stress-induced STG-M transition (i.e., shape memory effect and superelasticity of strain glass). Phenomenological free energy landscape for strain glass. Strain glass is formed by doping point defects into a normal martensitic system. Therefore, it is reasonable to consider that a strain glass has a free energy landscape similar to that of a normal martensitic alloy [42] [43] [44] [45] , but with some modifications to allow for the new feature (local ordering) to be described.
In the case of a normal martensitic system, the free energy landscape is usually delineated by a Landau free energy surface in an order-parameter (homogenous lattice strain) space. The Landau free energy is characterized by the existence of two kinds of energy valleys, i.e., minima; one is for the parent phase with zero order parameter (or strain), the other represents the martensite with a non-zero order parameter (i.e., a long range ordering of lattice deformation). There exists a critical temperature T*, at which the free energy of martensitic valley is equal to that of the parent valley. At T>T*, the martensitic valley is metastable; at T<T*, the martensitic valley is more stable than that of the parent phase. However, the Landau free energy expresses only homogeneous strain, thus it cannot describe a locally ordered strain system like the strain glass. Therefore, we need a free energy landscape that can, (1) describe strain instability of the system in the same way as the Landau free energy does, and which has martensite as a candidate phase (so as to be able to explain its possible transition into martensite), (2) describe local strain ordering effect. The free energy landscape (for strain glass) satisfying the above conditions is a 3D contour shown in Fig. 9(a) . The free energy is established on a microscopic configuration--average-strain space. Each point in the space is a microstate, which represents (1) a microscopic configuration (a particular distribution of nanodomains in the system), and (2) the average strain ε corresponding to this microscopic configuration. It should be noted here that "configuration coordinate" in Fig. 9 (a) constitutes a thermodynamic phase space (an ensemble of all the microstates with the same average strain). This is analogous to the case of spin glass [2] . As will be shown later, the important concept of ergodicity will be discussed in this phase space. In Fig. 9 (a) we notice three important features of the free energy landscape of a strain glass system, as compared with a normal ferroelastic system. Firstly, except for the 3D representation, the free energy F of a strain glass bears much similarity with a standard Landau free energy curve: it also has two kinds of valleys: one for ε=0 state (we show later that it corresponds to the strain glass), and another for the martensite (ε=ε M , ε M is the strain of martensite). This can be better seen from a F-ε cross-sectional view of the 3D landscape ( Fig. 9(b) ). We shall show later that the temperature dependence of the martensite valley is also similar to that of a normal martensite system. Secondly, a strain glass can have numerous microstates for the same macroscopic strain, which are depicted as the quasi-degenerate minima in F-configuration cross-sectional view (Fig. 9(c) , for ε=0); this is caused by the numerous possible combinations of nano-domains that give rise to the same average strain. Between these different microstates or configurations, there exist random energy barriers. Thirdly, the free energy surface is very rough (i.e., high barriers between different microstates) for small average strain (ε→0), but it gradually becomes smooth (low barriers) for large average strain (i.e., ε→ε M, ). This is because a small average strain (ε→0) corresponds to a nearly random distribution of the nano-domains, and the change from one microstate to another generally requires the switching/rearrangement of a large number of nano-domains, which corresponds to large barriers. However, for a large average strain (ε→ε M ), most of the nano-domains are aligned along the same direction, and thus the change from one microstate to another involves the switching of only a small number of domains; consequently the barrier is low and the system can go easily from one state to another. In other words, the system is essentially ergodic as ε→ε M .
To show the 3D free energy landscape in a simpler way, we project the 3D landscape onto the F-ε plane and obtain a projected 2D free energy curve, which is shown in Fig. 9(d) . The bottom of the free energy curve represents the average-strain (ε) dependence of the average free energy (F) of all the microscopic configurations corresponding to a given macroscopic strain state. We note that this free energy curve has a shape similar to the Landau free energy, because the strain glass is derived from a normal martensitic system, thus it should share a similar free energy curve. However, the projected free energy curve has an important difference from the Landau free energy, that is, it also describes the local barriers between the microscopic configurations. As depicted in Fig. 9(d) , the difference between upper dashed curve and the bottom curve represents the average local energy barrier, which decreases gradually with increasing average strain, until becoming negligible at the martensite state, which is ergodic. We will see later that the local barrier of the strain glass is the origin of strain glass formation and it determines many features of the strain glass. In the following, we shall use the projected free energy curve to explain the properties of strain glass, which are shown above. The temperature dependence of the phase stability of martensite in the projected free energy curve for strain glass is assumed to be qualitatively the same as the case of a standard Landau free energy. As a consequence, the martensitic valley decreases with decreasing temperature in the same way as a normal martensitic system. Therefore, we are able to define a critical temperature T*, at which F(ε M )=F(0), i.e., the free energy of martensite equals that of a zero-strain state. Consequently, martensite is metastable at T>T* but stable at T<T*. Our experimental observation show that the strain glass can also exhibit a superelastic behavior at T 0 or even slightly below T 0 , which is not shown here. Thus we can conclude that martensite is still metastable at T 0 ; thus we obtain an important conclusion that T 0 is higher than T* for strain glass. We assume that the local barrier increases with decreasing temperature and the thermal activation energy k B T is higher than the local barrier at T>T 0 but lower than the local barrier at T<T 0 , which is similar to the case of spin glass [2] . The above information allows us to define five temperature regimes where strain glass shows different thermodynamic stability, local barriers, and thermal activation k B T. Such differences will give rise to different behavior of the strain glass.
(1) At T>T 0 >T*, martensitic state is metastable and k B T >local barrier, as shown in Fig. 10 (a).
(2) At T=T 0 >T*, martensitic state is metastable, k B T~local barrier, as shown in Fig. 10(c) . (3) At T 0 >T>T*, martensitic state is metastable, k B T<local barrier. (4) At T=T*, the martensitic state has the same free energy as that of the zero macroscopic strain state, and k B T < local barrier, as shown in Fig. 10 (e).
(5) At T<T*<T 0 , the martensitic state is stable and k BT << local barrier, as shown in Fig. 10(g) . Origin of strain glass transition. In the following, we will use the projected free energy curve of strain glass to explain why the strain glass system does not undergo a martensitic transition but rather undergoes a glass transition with broken ergodicity. Fig. 10(a) shows the projected free energy curve of strain glass at T> T 0 (0)>T*. Since the free energy of the martensitic state is higher than that of the macroscopic strain states and the thermal activation is much higher than the height of the local barriers, the system takes the zero macroscopic strain state as its stable state. This equilibrium state corresponds to an unfrozen strain glass or an ergodic strain glass, in which the local ordered strains are spatially and dynamically disordered. On cooling, the free energy of the martensitic state decreases continuously ( Fig. 10(c) , Fig. 10 (e) and Fig. 10(g) ), and the system has a tendency to transform into martensite at T<T*. However, before reaching the thermodynamic instability temperature T*, the system becomes frozen into a glassy state at T 0 (>T*). This is because when the system is cooled to T 0 , the thermal activation becomes comparable to most of the local barriers ( Fig. 10(c) ); thus it becomes impossible for the system to traverse all the possible microscopic configurations of the zero macroscopic strain state within experimental time. Therefore, the global ergodicity of the system starts to break, i.e. the unfrozen strain glass starts to transform into a frozen strain glass or non-ergodic strain glass at T 0 . On further cooling to T*, the martensitic state becomes thermodynamically stable; however, k B T is lower than the height of the barriers (Fig. 10(e) ), thus the system cannot be activated to the martensitic state and the long-range strain ordering is suppressed. Due to the limitation of kinetics, the system is trapped into certain configuration of the zero macroscopic strain state and cannot transform into the martensitic state, although the martensitic state becomes more stable at low temperature, as shown in Fig. 10(g ). This result in a complete breaking of the global ergodicity of strain glass system and the local ordered strains are completely frozen. Therefore, the strain glass transition and corresponding broken ergodicity originate from the local barrier or kinetic limitation created by the random point defects.
Origin of the stress-induced STG-M transition. Above discussion demonstrates the free energy landscape of strain glass shows different features at the different temperature regimes of T>T 0 (>T*), T=T 0 , T 0 >T>T*, T=T* and T<T*(<T 0 ). In the following, we will discuss the origin and mechanism of the stress-induced STG-M transition in these different temperature regimes, which will show how the deformation behavior of strain glass changes from superelasticity to shape memory effect on cooling from above T 0 to well below T 0 .
Advances in Shape Memory Materials
At T>T 0 (>T*), the (unfrozen) strain glass is stable and martensite is metastable in the absence of an external stress ( Fig.10(a) ). When the system is loaded with a stress exceeding its critical stress σ c , the martensite becomes a stable phase, as shown in Fig. 10(b) ; thus the strain glass transforms into the martensite. Upon unloading, the induced martensite becomes thermodynamically unstable again, so the system reverts to the original unfrozen strain glass state ( Fig.10(a) ). This results in the observed superelastic behavior of strain glass at T>T 0 . At T=T 0 , the strain glass becomes weakly frozen. However, the strain glass is still stable relative to the martensitic state. Therefore, as the marteniste was induced from strain glass by sufficient stress (Fig.  10(c) ), the stress-induced martensite will still go back to the stable strain glass upon unloading ( Fig.  10(d) ) by a thermodynamic driving force. Therefore, the strain glass will show a superelastic behavior at T 0 . At T 0 >T>T*, the strain glass is still weakly frozen and the martensitic state is also mata-stable. For the same reason as the case at T 0 , the system will still show a superelastic behavior. At T=T*, the free energy of martensite becomes equal to that of frozen strain glass, however, the spontaneous martensitic transition cannot occur due to the kinetic limitation, as shown in Fig. 10(e) . When the system is loaded with an external stress σ c , the local barriers can be overcome and martensite can be induced as shown in Fig. 10(f) . Since the martensitic state has the same thermodynamic stability at T* as the strain glass, it remains even after removing the external stress. Therefore, at T=T* the strain glass starts to exhibit a plastic deformation. When the stress-induced martensite is heated to T>T 0 , it becomes metastable and transforms into an unfrozen glassy state. At such high temperature, this transition is kinetically possible because of the enhanced thermal activation is enough to overcome the local barriers ( Fig. 10(a) ). Thus we start to observe a shape memory effect of strain glass at T 0 . At T<T*, the strain glass is strongly frozen and it will also show a plastic deformation, because martensite becomes more stable than an unfrozen strain glass ( Fig. 10(g) ) and the induced martensite is energetically stable upon unloading ( Fig. 10(h) ). Upon heating, the system will exhibit shape memory effect, because the induced martensitic state is not stable above T 0 .
Conclusion
We proved the existence of strain glass by demonstrating experimentally its dynamic freezing and broken ergodicity. We also found the strain glass can exhibit unexpected shape memory effect and superelasticity, which is proved to stem from the stress-induced STG-M transition. Notably, strain glass transition and its associated stress-induced STG-M transition bear a striking similarity with a cluster-spin glass and a ferroelectric relaxor, despite the large differences in their physical nature. We thus introduced the notion of a ferroic glass, which is a generic term for the glass phenomenon of ferroic system. With a free energy landscape for the strain glass, which is a Landau free energy established in the configuration-strain space, all the observed effects are found to have a consistent explanation. The finding of the new phenomenon of strain glass may open a new research field for traditional martensitic research and may lead to novel applications.
